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Analysis and isolation of renal tubular cells by flow cytometry. The
cells of the renal cortex have rich heterogeneity of structure and
function. Flow cytometry, the technique of rapid laser-based single cell
analysis, can give information about cellular mixtures not obtainable by
any other means. We examined a variety of fluorescent markers to
identify populations of renal cells by flow cytometry. Cellular digests of
rat cortex were fluorescently stained with either enzymatic activity
probes, or polyclonal antibodies. Fluorescent staining for the proximal
marker y-glutamyl-transpeptidase (T-GT) was an order of magnitude
brighter than autofluorescence, and stained 71 11% of the cells.
Second, we colocalized enzymatic and antibody markers. There was
tight colocalization of r-GT enzyme activity, detected with fluorogenic
substrates, with specific surface binding of T-GT antibodies. Third,
populations of fluorescently labelled cells can be rapidly isolated by
flow cytometry sorting. Flow cytometry sorting isolated l0 cells
positive for the proximal tubular marker r-GT in a little under one hour.
The sorted cells were viable with 99 2% trypan blue exclusion (N =
8). Sodium-dependent phloridzin-inhibitable glucose uptake was
present in sorted cells, with greater uptake/mg protein than in unsorted
controls. The sorted cells grew in culture as a monolayer of tightly
adherent cuboidal cells. Hence, flow cytometry allows us to quantitate
the heterogeneity in mixed renal cellular digests. Flow cytometry
allows us to rapidly isolate millions of cells according to fluorescently
tagged markers. The isolated cells are viable, retain sodium-dependent
transport properties, and grow in culture.
The cells of the renal cortex are characterized by rich
heterogeneity in structure and function [1, 2]. Not only are
different cell types present, but, in the case of proximal tubular
cells, there are marked gradients along the tubule. Properties as
diverse as the height of the brush border, enzyme activities, and
hormonal sensitivity are markedly different in the Sl subseg-
ment compared to the S3 subsegment [1, 2].
Several techniques have been designed to study specific renal
cell populations. The segmental properties of the tubules
present in the renal cortex have been characterized by micro-
dissection with isolated tubule perfusion, micropuncture [3], or
Percoll gradient purification of tubules [4]. Other methods have
provided a source of renal cell populations for culture. These
techniques include selective culture media [5], membrane sub-
strates [6], immortalized cell lines [7], freeflow electrophoresis
[8], immunoisolation [9], and microdissection [10].
Flow cytometry is a unique method to rapidly quantitate the
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heterogeneity of fluorescent markers in a mixture of cells [11,
12]. Flow cytometry answers questions about mixtures of cells
and particles which cannot be answered any other way. First,
the number of cells in a mixture positive for different markers
can be counted. Second, colocalization can be performed on a
population-by-population or cell-by-cell basis. Third, flow sort-
ing allows populations of cells to be isolated according to
preselected fluorescence criteria.
Flow cytometry has seldom been applied to renal cortical
cells. To determine the utility of flow cytometry in the study of
renal cortical cellular populations, we tested whether popula-
tion specific markers can be cleanly resolved from autofluores-
cence, and whether cell populations isolated by flow sorting
retain functional properties and grow in culture.
Methods
Animals
Sprague-Dawley rats of either sex weighing 200 to 225 g were
kept in temperature controlled rooms with access to Purina rat
chow and water ad libitum.
Renal cell preparation
Renal cells were prepared by a modification of the methods of
Kempson et al [13] and Chen et al [14]. All solutions were
freshly prepared and sterilized. Renal cell buffer consisted of
137 mmol NaCI, 5.4 mmol KCI, 2.8 mmol CaC12, 1.2 mmol
MgCl2, and 10 mmol HEPES-Tris, pH 7.4. Rats were anesthe-
tized with intraperitoneal pentobarbital. Through a midline
incision, a catheter was placed in the abdominal aorta below the
kidneys, and the kidneys perfused with 10 ml sterile normal
saline pH 7.4. The kidneys were rapidly removed and the cortex
minced with fine scissors. The minced tissue was placed in 10
ml of a solution of 0.1% Type IV collagenase and 0.1% trypsin
in normal saline. The solution was incubated in a 37°C shaking
waterbath for 45 minutes with intermittent titubation. The cells
were spun gently (800 rpm for 5 mm), the supernatant aspirated,
the cells resuspended in 5 ml renal cell buffer with 0.1% bovine
serum, and passed through a fine (70 sm) mesh. The fraction
passing through the mesh was layered over a discontinuous
gradient of 5% bovine serum albumin and spun gently. The
supernatant was again discarded. The cells were resuspended in
DMEM/F-12 medium and placed into culture on uncoated
plastic in a 5% C02-95% 02 incubator.
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Flow cytometry
Flow cytometry analysis and sorting was performed on
Becton Dickinson FACStar and FACStar Plus flow cytometers
using Consort 30 and VAX 40 computers [151. Excitation was
performed at 488 or 514 nm using Coherent 2W and 6W
Argon-ion lasers. Emission was measured at 530 nm, 580 nm or
620 nm with 30 nm band pass filters using photomultipliers and
linear or logarithmic amplification as appropriate. Forward
scatter was measured with a photodiode and linear amplifica-
tion through a 0.1 neutral density filter.
Clumps of cells were easily identified in the forward scatter
channel as a numerically small, although variable, population of
extremely large particles in fresh cell populations. After over-
night incubation, clumps were dramatically reduced to <0.1%
of the cells, and were excluded from analysis. Clumps were
confirmed by flow sorting, and examining the sorted population
under a confocal microscope.
Cytohistochemistry
Cellular enzymes were labelled for flow cytometry by the
method of Dolbeare and Smith, and Smith and Van Frank [16,
17]. The cellular activities of the predominantly proximal mark-
ers y-glutamyl transpeptidase, and leucine aminopeptidase [2,
15, 18], were measured using the L-y-glu- and L-leu-, deriva-
tives of 4-methoxy-B-naphthylamine, respectively (Enzyme
System Products, Livermore, California, USA). The enzymes
specifically cleave these substrates, liberating free 4-MNA. In
the presence of 5-nitrosalicaldehyde (5-NA) at pH 6.0, free
4-MNA was almost instantaneously trapped and precipitated at
the site of formation. The product of 4-MNA and 5-NA was
fluorescent in the visible spectrum, excited at 488 nm with a
broad emission spectrum from 510 nm through 680 nm [17]. We
incubated aliquots of renal cells in 1 mmol of the 4-MNA
derivatives and 1 mmol 5-NA in renal cell buffer for two to three
hours in a 37°C, 5% C02-95% 02 incubator, prior to flow
cytometry. Excitation was at 488 nm, and emission 530/30 nm
and 575/26 nm band pass filters.
Alkaline phosphatase activity was measured on a cell-by-cell
basis using the method of Dolbeare, Vandercaan and Phares
[191. Aliquots of cells were incubated in 1 mr'vi naphthol AS-BI
phosphate at pH 9.0. The cleaved probe was precipitated at the
site of formation using 0.2 m fast red TR.
Kallikrein, a distal tubular marker [20, 21], was measured
using D-val-leu-arg-4-MNA as substrate [20], fast red LB as
trapping agent [19], 488 nm excitation and 530/30 nm band pass
emission at pH 8.0.
Immunocytohistochemistry
Aliquots of renal cells were preincubated with 0.1% bovine
serum albumin in renal cell buffer. After washing, the cells were
incubated in 1:200 of a primary rabbit anti- y-glutamyl-transpep-
tidase antibody (a gift of Dr. Norman Curthoys [22]) in the
presence of 1:1 normal goat serum. Prediluted antibodies had
been microfuged for five minutes to remove aggregates. After
further washing 1:10,000 goat anti-rabbit secondary was added,
incubated and washed, prior to flow cytometry. All incubations
were for 20 minutes in a 37°C, 5% C02-95% 02 incubator.
Enzyme marker analysis
Protein was measured by the microcolorimetric method of
Smith et al [23]. Glucose-6-phosphatase was measured by the
liberation of inorganic phosphate from glucose-6-phosphate
[24], and secondary phosphate assay by the method of Tausky
and Shorr [25]. Leucine aminopeptidase was measured by
production of p-nitro-aniline from a leucine conjugate [26].
Hexokinase [27] was measured by production of UV absorbing
NADPH from D-glucose-6-phosphate and NAPD+ following
hexokinase catalysis of D-glucose and ATP to D-glucose-6-
phosphate.
Renal cell transport studies
Nat-dependent glucose uptake was determined in aliquots of
cells with and without flow cytometry sorting. Protein was
determined in 106 flow cytometry sorted cells and unsorted
controls by the microcolorimetric method [23]. Aliquots of
unsorted cells with protein content equivalent to 106 flow
cytometry sorted cells were run in parallel to 106 flow sorted
cells as a control. Na-dependent uptake of glucose was
determined in flow cytometry sorted cells isolated using T-GT
probe as a proximal tubular marker. Solute uptake was initiated
by adding 0.2 mmol [3H]-glucose to 106 cells in 1 ml of renal cell
buffer [13]. After incubation at 37°C for various times with
gentle shaking, the uptake was terminated by washing with a
large volume of ice-cold stop solution containing 137 mmol
NaCI and 14 mmol Tris-HCI (pH 7.4). Sodium-independent
uptake was determined by replacing sodium in the incubation
medium with 137 mmol methyl-D-glucamine HCI. Phloridzin-
sensitive uptake was determined in the presence of 1.0 mmol
phloridzin in the Na uptake medium. Cells were solubilized
with 0,5% Triton X-100, filters dissolved in 10 ml Scintiverse II
(Sigma Chemical Company, St. Louis, Missouri, USA), and
radioactivity counted in a Beckman LS 7000 Liquid Scintilla-
tion counter (Beckman Instruments, Fullerton, California,
USA).
Renal cell culture
The cell culture medium consisted of DMEM/F12. This was
prepared by mixing 10 ml penicillin/streptomycin (5000/5000
Fisher MT-30-OOl-L1), 5 ml 200 mM L-glutamine, 35 ml 25%
heat-inactivated horse serum, 35 ml 7.5% heat-inactivated fetal
calf serum, and qs to 500 ml with a 1:1 mixture of DMEM and
F12. The media was sterile filtered prior to use. For culture,
unsorted cells were placed in an uncoated T-75 flask, or 106
sorted cells in an uncoated T-25 flask, with a small amount of
media, and incubated in a 95%:5% C02/02 incubator at 37°C.
Isolated cells were studied, after 24 hours in tissue culture, for
antibody binding experiments. This was necessary as, immedi-
ately following digestion, no specific binding was demonstrable
on the cells. For enzyme markers, the cells were studied fresh,
or after 24 hours incubation as indicated in the figure and table
legends.
Statistics
Statistical analysis was performed by one way analysis of
variance (ANOVA), and Scheffe's post-hoc comparison. Data
are expressed as mean standard error. Kolgomorov-Smirnoff
(KS) summation curves [28] and statistics were performed for
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Fig. 1. Flow cytometry histograms offluorescent enzymatic proximal tubular markers in rat renal cortex co/la genase cell digests. Panel-by-panel
description and explanations are in the Results section. Symbols in A are: (---) blank; () 4 MNA; (—) 5 NA; (*) GGT.
Population spec jfic probes
T-glutamyl transpeptidase (T-GT). Figure 1A shows the re-
sults of a two hour incubation of a renal cortical cell suspension
with the i—GT activity probe, L-y-glu-4-MNA in the presence of
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Alkaline phosphatase probe
comparison of superficial and deep populations within each rat the trapping agent 5-NA. The number of cells is plotted against
kidney. 580 nm fluorescent emission, as an index of r-GT activity.
Controls included are cells without any probes (autofluores-
Results
cence), and the L-y-glu-4-MNA and 5-NA components sepa-
rately. Distributions were constructed by interrogating 10,000
cells individually as they passed seriatim through the observa-
tion point. Autofluorescence of the unstained control cells
appears as a bell-shaped distribution at the left low fluorescence
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Table 1. Flow cytometrie properties of populations of cells in renal cortical digests
A. Percentage of y-glutamyl transpeptidase positive events in renal cortical cellular digests (N = 8).
r-GT positive cells 71 11%
B. Flow cytometry y-glutamyl transpeptidase activity in cells prepared by shaving the superficial and deep cortex (N = 4).
Superficial Deep
y.glutamyl transpeptidasea 529 273 688 343"
C. Enzyme markers in cells sorted from upper 1/3 and lower 1/3 of -glutamyl transpeptidase enzyme positive population (N = 4).
Upper 1/3 Lower 1/3
Glucose6phosphatasec 7.2 3.2 5.4 3.2
Leucine Aminopeptidasec 0.5 0.2 1.0 0.3'
Hexokinasec Not detectable Not detectable
D. Percentage of kallikrein positive cells (N = 3).
Mixed cellular digest 3 1%
i—GT negative sort 19 2%
a Arbitrary fluorescence channel unitsb p < 0.05 for Kolgomorov-Smirnoff summation curve comparison of distributions in each rat. Values represent the channel containing the peak
fluorescence when 3 log decades of fluorescence are divided into 1024 channels
Units for enzyme markers per mg protein are: glucose-6-phosphatase, nM inorganic phosphate/30 mm; leucine aminopeptidase, sg
p-nitroaniline/30 mm; hexokinase, nM/mmd P < 0.05 by paired t-test upper 1/3 versus lower 1/3
end of the abscissa. Cells incubated with t-GT probe resolve
two populations, a negative population overlapped by the
controls, and a larger positive population separate from the
controls.
Having established that r-GT positive and negative distribu-
tions could be imaged by flow cytometry, we varied the
incubation conditions in an attempt to optimize separation of
cellular populations. Figure lB shows the results of a three hour
incubation of cells in T-GT probe, on the same axes as Figure
1A. While controls still overlapped the negative population, this
incubation was optimal for population separations and was
adopted for all subsequent experiments.
Table IA shows that in Figure lB 74 11% of the cells were
T-GT positive (N = 8).
There was no detectable difference in histograms of r-GT
enzyme activity performed on freshly digested cells, or cells
rested 24 hours in suspension culture.
Leucine aminopeptidase (LAP) activity. Figure 1C shows the
results of a three hour incubation of renal cortical collagenase
digest with the LAP activity probe L-Leu-4-MNA in the pres-
ence of the trapping agent 5-NA. The distribution was con-
structed by interrogating 10,000 cells individually as they
passed seriatim through the flow cytometer's observation point.
A broad distribution of LAP activity is observed, with at least
two populations of cells present, but attempts to optimize the
separation of populations failed to improve the distributions.
Controls were identical to the r-GT probe controls shown in
panel A.
Alkaline phosphatase activity. Figure 1D shows the results of
single cell staining with an alkaline phosphatase enzymatic
probe. The product of hydrolysis of naphthol-3-phosphate is
trapped at the site of formation using Fast Red LR. This probe
is excited at a different wavelength to the previous probes, and
so the unstained control is shown for comparison. While
alkaline phosphatase activity is demonstrable, there is not the
clean separation of populations observed with the r-glutamyl
transpeptidase probe (Fig. lB).
We have investigated several other proximal tubular markers
on cells and brush border membrane vesicles, including alkaline
phosphatase polyclonal antibodies, neutral endopeptidase
monoclonal antibodies, and asparagus pea lectins. Although all
these activities were demonstrated, the optical separations
were not sufficient to clearly resolve populations.
Colocalization of populations of cells
Figure 2 shows the results of indirect labelling of a renal
cortical collagenase digest with T-GT polyclonal antibodies.
Distributions of fluorescence were recorded in 10,000 cells.
When freshly digested cells were studied, the specific and
nonspecific binding curves overlapped, presumably because the
surface epitopes had been digested. If cells were rested in
culture for 24 hours before study, the surface markers reap-
peared, and the distributions shown in Figure 2 were observed.
Figure 2A shows the curves for nonspecific (secondary anti-
body only), and total binding (primary and secondary antibod-
ies) on the same axis. In Figure 2B the nonspecific and total
binding curves have been subtracted to yield a single bell-
shaped specific binding curve.
To determine if the cells identified in Figure 2B as having
specific T-GT antibody binding were the cells containing T-GT
activity as identified by enzymatic probe markers in Figure 1B,
cells with specific T-GT antibody binding were sorted by flow
cytometry. Cells showing fluorescence in the specific binding
part of the distribution in Figure 2B were isolated by flow
cytometry sorting. Aliquots of the sorted cells were stained
with T-GT probe and re-analyzed on the flow cytometer. Figure
2D shows the reanalysis of renal cells stained with r-GT probe.
Almost all the cells demonstrate T-GT activity, and the nega-
tive, low fluorescence population observed in Figure lB is not
demonstrable. Similarly, when the cells which lacked specific
r-GT antibody binding were isolated by flow sorting and sec-
ondarily stained with T-GT probe, the distribution depicted in
Figure 2C was observed. Nearly all the cells negative for
Reanalysis: Reanalysis:
Cells sorted on lack of specific binding Cells sorted on specific binding
restained with r-GT enzymatic probe restained with T-GT enzymatic probe
Fluorescence channel
Fig. 2. Colocalization of populations of renal cells by flow cytometry. Figure 2 depicts colocalization of r-glutamyl transpeptidase markers in
populations of cells. Cells were stained with a polyclonal anti-T-GT primary antibody and a fluoresceinated secondary. Histograms of fluorescence
in the fluorescein channel are shown for nonspecific binding (A, secondary antibody only), total binding (A, primary and secondary antibody), and
specific binding (B, specific-nonspecific binding). The T-glutamyl transpeptidase enzymatic activity in the cells positive for r-GT antibody and
isolated by flow sorting is shown in D. The r-glutamyl transpeptidase enzymatic activity in the cells which lack r-GT antibody binding and isolated
by flow sorting is shown in C.
specific r-GT antibody binding also lack r-GT enzymatic activ- subsegmental cellular origin, we studied cells cut from different
ity. cortical regions. Cells were harvested by shaving the outer
To determine whether the differences in i—GT activity in the (superficial) cortex and outer stripe of the outer medulla (deep),
positive population in Figure lB were, at least in part, due to known to enrich for low T-GT early proximal convoluted (SI) or
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high i-GT pars recta (S3) subsegments, respectively [10, 26,
27]. Figure 3A shows that the cells from the superficial and deep
tissue form separate curves, with greater activity in the cells
prepared from deep compared to superficial tissue. The differ-
ences in deep and superficial tissue T-GTactivity are significant
when tested by Kolgomorov-Smirnoff summation curves in
each rat (Fig. 3B, probability of difference >99%).
To further demonstrate whether the T-GT enzyme gradients
reflected axial heterogeneity of proximal tubular cellular origin,
and to test for distal contamination of the r-GT positive
population we sorted the upper and lower 1/3 of the top 90% of
the T-GT enzyme positive population of cells (imaged in Fig.
1B). Aliquots of sorted cells were secondarily analyzed for the
proximal markers glucose-6-phosphatase, and leucine ami-
nopeptidase, and the distal tubular marker hexokinase by
colorimetry in cuvettes. There was substantial glucose-6-phos-
phatase activity in both sorted populations (Table IC). Leucine
aminopeptidase activity was greater in the cells with higher
T-GT activity. The distal tubular marker hexokinase was not
detectable in either of the i—GT labelled populations of renal
cells.
If the cells labelled with T-GT are truly proximals, the r-GT
negative population of cells should be enriched in other cell
types such as kallikrein-containing distal tubular cells. To test
this hypothesis, aliquots of cells were labeled with a cellular
marker for kallikrein trapped at the site of formation with a
precipitating agent. Flow cytometry analysis of the number of
cells positive for an entrapped kallikrein probe demonstrates
that only 3 1% of the cells in a mixed renal digest were
kallikrein positive (Table ID), However, when the cells nega-
tive for y-glutamyl transpeptidase were isolated by flow cytom-
etry sorting, the percentage of kallikrein positive cells increased
to 19 2% (Table lD).
The yield of sorted cells was 75 4% (N 4) with 10%
coincidence (2 cells in the sort gate simultaneously) as the major
limitation. This was observed at a sort rate of 3000 cells/sec.
Function and viability of cells isolated by flow cytometry
sorting
We next turned our attention to testing the viability and
functionality of the flow cytometry sorted cells. Cells were
prepared with r-GT activity probe staining as shown in Figure
Fig. 3. r-glutamyl transpeptidase activity in
superficial and deep Cortex. (A) Overlaid
1 0 histograms of T-glutamyl transpeptidase
enzymatic activity in populations of cells
harvested from deep and superficial cortex.
(B) The Kolgomorov-Smirnoff summation
curve and statistics for these two histograms.
IB, and the upper 90% of the large population of T-GT positive
cells isolated by flow cytometry sorting. Three viability and
function tests were performed on aliquots of sorted cells.
First, the sorted cells were stained with trypan blue. A total
of 99 2% of the sorted cells excluded trypan blue (N = 8).
Second, we examined the sodium-dependent uptake of [3H}-
glucose in aliquots of 106 flow sorted cells. Figure 4A shows
that the cellular uptake of [3H]-glucose was linear over time for
at least 10 minutes. This uptake was more than 3/4 sodium
dependent, as it was inhibited when the medium sodium was
replaced with meglumine. Similarly, the specific Na-glucose
transporter inhibitor, phloridzin, inhibited the uptake, consis-
tent with a role for this transporter in the glucose uptake. For
comparison, aliquots of unsorted cells matched to the protein
content of 106 sorted cells were run in parallel. Figure 4B shows
that while sodium-dependent glucose uptake was also demon-
strable in unsorted cells, it was significantly less than in sorted
aliquots (P < 0.05, N = 3), and the sodium-dependent, phlo-
ridzin-inhibitable component was a smaller proportion (P <
0.05, N = 3).
Last, aliquots of T-GT probe stained cells were isolated
sterilely by flow sorting on the flow cytometer. When placed
into suitable culture medium, the cells adhered, formed colo-
nies, and grew. After 10 to 14 days, the cells formed large near
confluent colonies, characterized by a monolayer of tightly
adherent cuboidal shaped cells (Fig. 5). Culture conditions were
optimized by preliminary study on unsorted cell populations,
beginning with conditions previously established for rat endo-
thelial cell lines in our laboratory.
Discussion
The powerful techniques of flow cytometry have not previ-
ously been applied to study the heterogeneity of renal cortical
digests. Flow cytometry can answer certain types of questions
not approachable by any other methods [11, 121. The advan-
tages and disadvantages of the method are tabulated in Table 2.
The first advantage of flow cytometry is that, as each cell is
examined individually, the heterogeneity within a mixture of
cells can be quantitated [II, 151. The distribution of proximal
tubular markers including y-glutamyl transpeptidase, leucine
aminopeptidase, and alkaline phosphatase was examined in a
collagenase digest of renal cortical cells. T-GT demonstrated
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marked gradients between positive and negative cells with
complete optical separation of populations. Leucine aminopep-
tidase, and several other probes, demonstrated less marked
optical separation of populations. Hence, we found yglutamyl
transpeptidase to be the most useful fluorescent marker of
proximal tubular origin due to the fine optical separations, and
utilized it for the subsequent isolation and viability experi-
ments.
Cytohistochemical staining of cells with a i—GT probe [16, 171
balances the demands for large signal-to-noise ratio, probe
specificity, and cell viability. The very high fluorescence of
Schiff bases precipitated with this r-GT probe system give
exquisite optical separations. However, the precipitating agents
only work at pH 6.0 or below, far from the pH optima of T-GT
(pH > 8.0) and below the physiological pH of 7.4. This
necessitates hour long incubations for cellular T-GT enzyme
staining, but the cells remain viable by a number of criteria.
Microdissection studies have suggested that there is a pro-
nounced gradient in I—GT activity along the proximal tubule
with greater than tenfold higher activity in the pars recta
compared to juxtaglomerular pars convoluta in rabbit proximal
tubules [2, 291. To examine whether the gradient in T-GT
activities observed between cells in the T-GT positive popula-
tion reflected axial origin along the nephron, cells were pre-
pared from shaved slices of superficial cortex and outer stripe of
the outer medulla. The superficial cortex was enriched in low
T-GT pars convoluta and the outer stripe of the outer medulla,
in high r-GT pars recta [2, 15]. The deep sample had signifi-
cantly more T-GT activity in each rat studied when deep and
superficial were compared by Kolgomorov-Smirnoff summation
statistics within each cortical cellular digest. Hence, the heter-
ogeneity of T-GT activities in the cellular digests reflected, at
least in part, axial cellular origin along the proximal nephron.
A second unique feature of flow cytometry is its ability to sort
and physically separate populations according to optical param-
eters [12, 15], but the separations are only as good as the
fluorescent marker on which they are based. In this case, we
found excellent agreement between immunologic and enzy-
matic probes: when the cells showing specific binding of a r-GT
antibody were sorted, they stained 99+% with the enzymatic
proximal marker for r-GT. Further, when the r-GT probe-
positive population was sorted, it contained no detectable
activity of the distal marker hexokinase [2, 27]. This is consis-
tent with microdissection studies which found huge gradients in
r-GT activity between the proximal tubule and other nephron
segments [2, 29]. It appears that the low activities of T-GT
localized to nephron segments such as the glomerulus and distal
tubule [2, 29] were avoided when the upper 90% of the r-GT
positive population were gated for sorting. Similarly, when
T-GT positive and negative populations are sorted, the r-GT
negative population is greatly enriched in kallikrein positive
distal tubular cells, confirming their removal from the proximal
population.
Other investigators have successfully used monoclonal anti-
bodies of documented tubular specificity to isolate cellular
populations from freshly digested renal cellular mixtures [9].
We were unable to demonstrate any binding of r-GTantibodies
in fresh digests, but were successful after resting the cells for 24
hours in culture. Most likely our cells regained digested surface
markers over time. Binding of monoclonal antibodies to fresh
digests suggests that the epitope must be highly constitutive to
avoid digestion. A variety of specific markers for proximal
tubule [30], pars convoluta, and pars recta [31] should allow
isolation of subsegmental populations.
A third asset of flow cytometry is its speed [11, 12]. The
cytometer sorted between 3 and 4 thousand cells per second,
yielding 10 million sorted cells (or approximately 0.5 mg of
protein) in a little under an hour. As was true for sorting brush
border membrane vesicles [15], yield is a complex function of
sorting speed. The faster the cells are presented to the flow
cytometer for analysis, the more likely two cells will be in the
sorting gates simultaneously, and both cells aborted. Hence, as
speed increases, sample wastage increases, but purity is main-
tained.
Fourth, the cytometer is a powerful tool for colocalization
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Fig. 4. Sodium dependent glucose uptake in flow cytometry sorted
cells. (A) The time course of 3H-glucose uptake in flow cytometry
isolated r-GT probe positive renal cortical cells (N = 3). The lines show
uptake in sodium containing renal cell buffer (sodium, •), sodium
independent uptake when meglumine replaces sodium in the renal cell
buffer (meglumine, A), and the effects of 1 mri Phloridzin in renal cell
buffer (sodium + 1 mi Phloridzin, 0). (B) The same data for unsorted
cells, in aliquots with protein content equal to sorted populations in A
(* P < 0.05 sorted vs. unsorted).
0
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Fig. 5. Cell culture morphology of flow
cytometry sorted cells. The morphology of a
colony of r-GT positive renal cortical cells
grown in culture for 10 days is shown. The
cells form a monolayer of tightly adherent
cuboidal cells. Confocal microscope with lOX
magnification.
Table 2. Advantages and disadvantages of flow cytometry analysis of
renal tubular cells
Advantages
I. Allows quantitation of heterogeneity
2. Colocalization can be examined:
a. On a population by population basis
b. On a cell by cell basis
3. Flow sorting isolates populations of cells. The cells:
a. exclude trypan blue
b. retain sodium dependent transport properties
c. grow in culture
Disadvantages
1. Capital equipment Cost is huge
2. Complex instrumentation to run and maintain
[15, 28, 291. Cells sorted on specific binding of i—GT antibodies
were easily restained and examined for r-GT probe activity.
Flow cytometry allows colocalization on a population-by-pop-
ulation basis as we have done here, or a cell-by-cell basis when
two markers are present in a single aliquot of cells.
Lastly, flow cytometry analysis and sorting appears to leave
tubular cells viable enough to grow in cell culture. Certainly,
the stained and sorted cells continue to exclude trypan blue.
Any damage sustained by laser light exposure, hemodynamic
stress in the cytometer, or electrical fluxes during flow sorting
failed to prevent growth in culture. This is especially important,
as rat renal tubular cells have been difficult to grow in culture
[14].
Flow cytometry sorted cells exhibit sodium-dependent, phlo-
ridzin-inhibitable glucose uptake, and the activity is greater
than in control aliquots of unsorted cells. Similarly, the sodium-
dependent, and phloridzin-inhibitable components in the un-
sorted cells were less than in the sorted populations. This
suggests that the sorted cells are enriched in Na/g1ucose
cotransport, and, assuming there is no increase in activity per
cell, more of the cells in the sorted population are proximal in
origin.
Further evidence for enrichment in proximal tubular cells by
flow cytometry sorting is given by removal of the unwanted
distal tubular cells. Unsorted crude cell suspensions contain
only 3 1% kallikrein positive, distal tubular cells [20, 21].
Following flow sorting, the cells not stained for y-glutamyl
transpeptidase were enriched 6'/2-fold in kallikrein positive
cells.
A major use of purified cell populations is as a source for
primary cell cultures [5, 10, 13]. To ensure that flow cytometry
sorted cells remained viable for this purpose, sorted cells were
grown to confluence in culture. The cells were characterized by
a monolayer of tightly adherent colonies of cuboidal shaped
cells. The lag before adhesion of proximal tubular cells in
culture [10, 14] provides a useful window of time during which
surface markers are regained, but trypsinization is not needed
to remove the cells from the culture plate for study.
While T-GT enzymatic probe has the advantage of fine optical
separations of populations of cells, we cannot be certain that
the probe, itself, or the precipitating agent do not induce
changes in the cellular physiology we wish to study. To this
end, the availability of a T-GT polyclonal antibody and other
proximal tubular antibody markers, such as maltase monoclon-
als [30] and alkaline phosphatase [31] monoclonals, gives us an
alternate separative modality to study cellular function and
dysfunction.
As flow cytometry collects very large numbers of events, it is
impractical to compare distributions of particles by hand.
However, it is only recently that computer software to handle
flow cytometric data statistically has been freely available.
Distributions can be tested for goodness of fit to hypothetical
statistical distributions such as a Gaussian curve. Many distri-
butions are non-Gaussian, but can be validly compared by
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nonparametric tests such as Kolgomorov-Smirnoff summation
statistics [28].
The major disadvantage of flow cytometry is the immense
expense of the equipment. However, many centers have flow
cytometry core facilities, where the investigator is responsible
for a modest hourly fee, rather than the purchase and mainte-
nance of instrumentation.
Flow cytometry allows us to quantitate the heterogeneity in
populations of mixed renal cells. It allows optical and physical
separation of populations of cells homogenous for selected
fluorescent markers. The purity of the sorted cell populations is
only as good as the specificity of the fluorescent marker
employed, but we have found tight colocalization of r-GT
antibody and i-GT enzymatic markers. Sorted cells are viable,
maintain sodium-dependent transport properties, and grow in
culture.
Flow cytometry is a powerful tool for the purification and
study of populations of renal cells and membranes. Although
relying on expensive equipment and sophisticated expertise to
perform, it is especially applicable to problems involving het-
erogeneous populations, colocalization, or high-speed observa-
tions.
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